ABSTRACT Chagas disease, caused by Trypanosoma cruzi, although endemic in many parts of Central and South America, is emerging as a global health threat through the potential contamination of blood supplies. Consequently, in the absence of a gold standard assay for the diagnosis of Chagas disease, additional antigens or strategies are needed. A proteomic analysis of the trypomastigote excreted-secreted antigens (TESA) associated with exosomal vesicles shed by T. cruzi identified ϳ80 parasite proteins, with the majority being trans-sialidases. Mass spectrometry analysis of immunoprecipitation products performed using Chagas immune sera showed a marked enrichment in a subset of TESA proteins. Of particular relevance for diagnostic applications were the retrotransposon hot spot (RHS) proteins, which are absent in Leishmania spp., parasites that often confound diagnosis of Chagas disease. Interestingly, serological screens using recombinant RHS showed a robust immunoreactivity with sera from patients with clinical stages of Chagas ranging from asymptomatic to advance cardiomyopathy and this immunoreactivity was comparable to that of crude TESA. More importantly, no cross-reactivity with RHS was detected with sera from patients with malaria, leishmaniasis, toxoplasmosis, or African sleeping sickness, making this protein an attractive reagent for diagnosis of Chagas disease.
C
hagas disease is a neglected tropical disease caused by the protozoan parasite Trypanosoma cruzi. Chagas disease is a major cause of morbidity and mortality in South and Latin America, where currently ϳ9 million people are infected with T. cruzi. However, with increased globalization and immigration, Chagas disease has emerged as a health threat in Europe, Asia, and North America, due to transmission of T. cruzi through blood transfusions, organ transplants, or congenital infections associated with transplacental transfer of this parasite from mother to newborn (1) (2) (3) (4) (5) . It is estimated that ϳ300,000 infected individuals currently live in the United States, while in Canada the infection rate among ϳ130, 000 Latino immigrants was ϳ0.09% (6) .
Chagas disease is characterized by an acute and chronic phase of infection. The acute stage of the disease develops after a short period (1 to 2 weeks) following transmission of the T. cruzi parasites, where it typically presents with the clinical signs of elevated fever, aches, and an acute inflammatory response that reduces the parasite burden (7) (8) (9) . In some individuals, low levels of intracellular parasites continue to proliferate and persist in tissues for decades, remaining asymptomatic, which results in the establishment of a chronic infection (8, 10) . In ϳ30% of chronic disease cases, patients develop significant complications, which may include megacolon, neurological complications, and cardiomyopathy that is characterized by an enlargement of the heart, ventricular arrhythmias, and eventual death due to general heart failure (11, 12) . Infants and newborns are the demographic group with the highest risk of developing a chronic infection (8, 13) .
Approaches currently used for Chagas diagnosis include microscopy, which detects parasites in tissues, quantitative PCR (qPCR), which measures levels of parasite DNA in host tissues, and serological methods, such as enzyme-linked immunosorbent assays (ELISA) and immunoblotting, which detect circulating T. cruzi-specific antibodies. Microscopy and PCR-based methods are more effective for diagnosing acute or congenital forms of Chagas disease (14, 15) , while serological tests using either parasite-derived antigens, recombinant proteins, or synthetic peptides are preferred for diagnosis of chronic infections (16) . Despite the sensitivity of serological tests, current Chagas disease diagnostic tests may lack specificity due to cross-reactivity with the related parasites Leishmania spp. and Trypanosoma rangeli (17) . Consequently, the Pan American Health Organization has recommended (18) the use of two different assays for a confirmatory diagnosis of Chagas infection (19) (20) (21) . A typical serological method recommended for confirming Chagas disease uses the trypomastigote excretory-secretory antigens (TESA) either in an ELISA or immunoblotting format to detect antibodies that cross-react with proteins or glycoconjugates released by T. cruzi (22) (23) (24) (25) .
It is known that T. cruzi parasites, like many other cells, release extracellular vesicles that are postulated to be involved in cell-cell communication or in the modulation of the host immune responses to promote the establishment of an infection (26) (27) (28) (29) . These vesicles typically consist of a lipid bilayer membrane containing integral membrane proteins and a luminal cavity that is loaded with a variety of soluble proteins and nucleic acids (RNA and DNA). In T. cruzi parasites, two classes of vesicles, based on size, have been characterized. These include exovesicles (EVs; also referred to as ectosomes; 100 to 1,000 nm), which bud directly from the plasma membrane, and exosomes (30 to 100 nm), which are vesicles that are secreted into the extracellular environment following the fusion of multivesicular endosomes with the plasma membrane, typically occurring at the flagellar pocket membrane (28, (30) (31) (32) (33) . A proteomic analysis of extracellular vesicles released by metacyclic trypomastigotes and epimastigotes in culture demonstrated the presence of two populations of EVs containing plasma membrane and intracellular proteins, and also nucleic acids (26, 29, (32) (33) (34) . Interestingly, treatment of mice with EVs shed by axenic trypomastigotes caused a downmodulation of the host immune response that was associated with higher parasitemia and an exacerbated inflammatory response that resulted in increased mortality following infection (26, 35) . The T. cruzi small membrane proteins (TcSMP) family of proteins or phosphatases detected on T. cruzi EVs has been shown to trigger Ca 2ϩ signaling and lysosome mobilization/exocytosis, events that promote formation of parasitophorous vacuoles and parasite invasion (36, 37) . A similar modulation of macrophage responses was observed following exposure to purified Leishmania exosomes, a strategy that enhances intracellular parasite survival (38, 39) . Mechanistic studies suggest that in the early stages of infection by T. cruzi, parasites promote the release of plasma membrane vesicles from the host cell, which may contribute to parasite survival in the circulatory system, an event thought to help mediate host cell invasion (40) .
Although ELISAs and immunoblot serological assays using TESA are highly sensitive, there are some concerns due to the cross-reactivity for patients infected with Leishmania, which may lead to misdiagnosis. However, the identification of antigens that are only expressed by T. cruzi parasites would significantly increase the specificity of serological assays. In addition, the availability of diagnostic testing that would quantitatively detect the levels of T. cruzi antigens in body fluids, such as plasma or urine, could potentially be used to measure parasite burdens during acute and chronic phases of Chagas disease.
Metacyclic trypomastigotes released by the insect vector invade phagocytic and nonphagocytic cells and, once internalized, transform to the amastigote stage, which replicates in the cytosolic compartment. These amastigotes then convert back to the trypomastigote stage prior to rupturing the host cell. It is conjectured that the intracellular stages of T. cruzi, like those of the related parasite Leishmania spp. (38, 41) , shed exosomes into the circulatory system by exocytosis (31) or when the host cell bursts. Indeed, EVs may account for T. cruzi antigens observed in the circulation and in urine of Chagas patients or infected animals with acute or chronic infections (42) (43) (44) . However, no systematic analysis of T. cruzi antigens released from infected host cells has been reported, despite the use of TESA as a reagent in disease diagnosis (22, 25, 32, (45) (46) (47) .
In this study, we selectively employed a purification strategy designed to isolate TESA EVs released by T. cruzi trypomastigotes and amastigotes in infected Vero cells and then conducted a proteomic analysis of these vesicles. Moreover, affinity columns generated from the immune sera of Chagas patients allowed the immunoprecipitation and proteomic characterization of numerous T. cruzi proteins that are likely released into the circulatory system during the chronic phase of infection
RESULTS
Trypomastigote excreted-secreted antigen preparations contain EVs. Vero cell cultures infected with T. cruzi trypomastigotes are known to spontaneously shed parasite antigens into the culture supernatant. To perform an in-depth characterization of parasite proteins associated with EVs in TESA preparations, these proteins were concentrated from the culture supernatant by ultracentrifugation sedimentation and then purified by sucrose density flotation centrifugation to eliminate proteins that were not encapsulated or associated with EV membranes. Analysis of high-speed centrifugation supernatants and the sucrose density-purified EVs by using silver-stained SDS-PAGE showed that the supernatant fraction contained predominantly proteins with masses of Ͻ100 kDa. In contrast, proteins partitioning with the EVs had masses ranging from ϳ30 to 245 kDa (Fig. 1A) . Moreover, the proteins cofractionating with EVs isolated from different batches of TESA exhibited a highly reproducible pattern, as shown by the similar SDS-PAGE profiles (Fig. 1A, lanes 2 and 3) . The presence of EVs in the top fraction from the sucrose density gradient was validated by negative-stain electron microscopy analysis. The electron-dense vesicles had diameters of ϳ60 to 100 nm (Fig. 1B) , which is consistent with the size ranges previously reported for EVs (48) .
Proteomic analysis of TESA EVs. Liquid chromatography-tandem mass spectrometry (LC-MS/MS) spectra obtained for purified TESA EV proteins were used to search T. cruzi and Macaque spp. genome databases. The latter genome database was included since it was speculated that the TESA EV preparations would contain a mixture of parasite and Vero cell-derived proteins. LC-MS/MS analysis generated 11,016 spectra corresponding to 766 proteins containing at least two high-confidence unique peptides at a protein identification confidence level of 95% (see Table S1 in the supplemental material). The bulk of these proteins were of Vero cell origin (Table S1 ), many of which have been previously detected in EVs isolated from mammalian cells (49) . The remaining proteins were derived from either T. cruzi trypomastigotes or amastigotes (Tables  S1 and S2 ). Quantification analysis performed using spectral counts indicated that only ϳ10% of the total proteins detected in the EV preparations were of T. cruzi origin.
T. cruzi proteins detected in the TESA EVs encompassed a broad spectrum of biological processes that included production of proteases and trans-sialidases, intermediary metabolism, membrane transport, nucleotide binding, regulation of oxidative stress, heat shock responses, motor and cytoskeleton function, and protein turnover, as suggested by the presence of several proteasome subunits (Fig. 2) . The most abundant group of T. cruzi proteins copurifying with TESA EVs was the multigene family transsialidases (Table S2) , which accounted for ϳ66% of the total parasite proteins in TESA EVs (Fig. 2) . These EVs were enriched for a number of surface membrane proteins that included the protease gp63, TolT, mucin-associated surface proteins (MASPs), and mucin-like protein TASV-C (50). Interestingly, the amastigote surface proteins 2 and 3, which are polypeptides exclusively expressed by amastigotes, were also detected in TESA EVs (51, 52) ( Fig. 2 ; Table S2 ). Several integral membrane proteins, such as the nucleoside transporter 1, an amino acid permease, and ABC transporters, were also detected in the EV proteome (Table S2 ). Other hallmark proteins typically associated with EVs were elongation factors 1 and 2, actin, heat shock proteins, and nucleotide binding proteins (Table S2) (53) . Unexpectedly, TESA EVs did not appear to contain phosphatases, enzymes that have been implicated in parasite adhesion and infection (37) .
TESA EVs share considerable overlap with the proteome previously reported for metacyclic trypomastigote and epimastigote EVs (Table S2 ). However, TESA EVs re- leased by trypomastigotes/amastigotes in Vero cell cultures contained a number of unique protein markers previously used, including the amastigote surface proteins 2 and 3, proteasome subunits, transporter proteins, a polyubiquitin protein, and complement regulatory proteins (Table S2) .
Immunoreactivity of Chagas patient sera with TESA EV proteins. TESA is routinely used for serodiagnosis of Chagas disease (24, 25) . However, a comprehensive analysis of antigens that cross-react with sera from Chagas patients with various degrees of cardiomyopathy (54) has not been performed. Western blot analysis using sera from uninfected control subjects exhibited no significant immunoreactivity with proteins from Leishmania donovani promastigotes, Trypanosoma brucei procyclics, or T. cruzi trypomastigotes. The sera from asymptomatic Chagas patients showed very weak immunoreactivity with high-molecular-weight proteins in the TESA EVs (Fig. 3) , as previously reported with epimastigote antigens (55) . In contrast, a robust crossreactivity was detected with T. cruzi trypomastigotes and TESA EVs when blots were probed with sera from patients with electrocardiograph abnormalities or ventricular arrhythmia (Fig. 3A) . While immunoreactive proteins ϳ20 to 300 kDa in mass were observed in T. cruzi trypomastigote lysates, only proteins of Ͼ80 kDa were detected in the TESA EVs (Fig. 3A) . This is consistent with the proteomic analysis, which showed that the most abundant proteins were trans-sialidases (Fig. 2) . The sera from Chagas disease patients with cardiopathologies also exhibited cross-reactivity with whole-cell lysates from Leishmania spp. and T. brucei cultures (Fig. 3A) .
To identify the immunoreactive antigens in the TESA EVs, extracts were incubated with immunoaffinity resins containing covalently coupled IgG antibodies from uninfected donors or Chagas patients with clinical symptoms of ventricular arrhythmia (54) . Western blot analysis using biotinylated Chagasic IgG antibodies showed strong immunostaining of high-molecular-weight species in the total TESA EVs, Triton X-100 extracts of EVs, and proteins isolated on the immunoaffinity columns; however, only an ϳ50-kDa protein was detected for the immunoaffinity resin IgG antibodies from uninfected controls (Fig. 3B) .
LC-MS/MS analysis of TESA EV immunoprecipitations performed with Chagasic IgG antibodies identified 111 T. cruzi proteins containing at least two unique highconfidence peptides with masses ranging from 11 to 519 kDa ( Table 1; Table S3 ). (54). (B) IgG antibodies isolated from uninfected controls or Chagas patients with ventricular arrhythmia were coupled to a protein G column, and reactive proteins were immunoprecipitated using these affinity matrices for Western blotting. Proteins in the total TESA EV fraction (lane 1), Triton X-100 extracts of TESA EVs (lane 2), precipitated by uninfected control IgG (lane 3), or IgG from Chagas patients (lane 4) were resolved by SDS-PAGE, and the membranes were probed with biotinylated IgG antibodies from uninfected subjects or Chagas-infected subjects. Primary antibodies were detected using streptavidinhorseradish peroxidase (Western blot membranes were exposed on film for 60 s). Although trans-sialidases remained the most abundant group of proteins in the immunoprecipitation assay, Chagasic IgG affinity resin showed a significant enrichment of mitochondrial proteins, retrotransposon hot spot (RHS) proteins, proteases, and multiple uncharacterized proteins (Fig. 4A) . A notable enrichment was also observed for paraflagellar rod proteins, which are preferentially expressed in trypomastigotes (56) and glycosomal proteins ( Fig. 4B ; Table 1 ). LC-MS/MS analysis also detected a number of T. cruzi proteins that nonspecifically copurified with uninfected control and Chagas patient IgG immunoaffinity columns that included histones H2 and H4, calpains, mitochondrial proteins, and uncharacterized proteins (Table 1) . Similarly, a number of Vero cell proteins also nonspecifically bound to the uninfected control and Chagas IgG affinity columns (Table S3) .
Reactivity of Chagas sera with TESA EV proteins. We next exploited the availability of the recombinant T. cruzi paraflagellar rod 3 (57) and RHS protein (K4E7X9) to assess the use of these proteins for the serological diagnosis of Chagas disease. Western blot assays with recombinant PFR1 and total TESA EV extracts probed with pooled sera from uninfected control subjects showed no detectable cross-reactivity with these antigens. In contrast, sera from Chagas patients who were clinically asymptomatic, exhibited electrocardiogram (ECG) abnormalities, or ventricular arrhythmia showed robust cross-reactivity with PFR1 and TESA EV antigens (Fig. 5A) . Similarly, Chagasic sera, but not the sera from uninfected controls, showed a strong immunoreactivity with recombinant RHS and TESA EVs (Fig. 5B) . Interestingly, Chagas immune sera, in addition to reacting with the full-length recombinant RHS protein (75 kDa), also detected multiple fragments arising from either aborted translation or proteolysis in the Escherichia coli expression system. These shorter fragments cross-reacted with antihexahistidine antibodies, which detected the N-terminal hexahistidine affinity tag (see Fig. S1 in the supplemental material). This result suggests that recombinant RHS is a relatively unstable protein that is subject to degradation, particularly within the C-terminal region of the protein.
ELISAs performed on serum samples from individual Columbian and Venezuelan patients with various clinical manifestations of Chagas disease showed strong immune reactivity with TESA, with responses ranging from optical densities at 450 nm (OD 450 ) from 0.04 to 2.4 (Fig. 6A) , while serum from noninfected control subjects showed no notable signal development. With TESA, ϳ31% of patients with Chagas disease who were classified as clinically asymptomatic or as exhibiting ECG abnormalities had responses on the ELISA that were below the cutoff value. This value decreased to ϳ2.5% for patients exhibiting ventricular arrhythmia (Fig. 6A) . A similar robust response Despite the reduced ELISA signal response of sera from Chagas patients, the response from Chagas patients with ventricular arrhythmia were significant (P Ͻ 0.005) (Fig. 6A) . The difference in immunoreactivity may be attributed to the fact that PFR1 is more extensively denatured on Western blots than is antigen bound to the surfaces of microtiter plates. Previous studies have shown modest reactivity of Chagas immune sera with paraflagellar rod proteins (59) .
To examine the specificity of RHS, ELISAs were performed with sera from patients infected with Leishmania, malaria parasites, Toxoplasma gondii, Trypanosoma brucei, or noninfected control sera obtained from Canadian subjects who had never traveled to South America. A robust signal was observed for TESA and RHS when probed with sera from Chagas patients with ventricular arrhythmia (Fig. 6B) . Analysis of the sera from malaria patients or Toxoplasma-infected or T. brucei-infected patients with TESA and RHS were below the cutoff value of the assay and indicated no significant crossreactivity. In contrast, with the TESA and the RHS antigen, 2 out of 10 and 3 out of 10, respectively, serum samples from patients with leishmaniasis exhibited strong reactivity these antigens (Fig. 6B) . The fact that the Leishmania genome does not encode RHS proteins suggests that the patients with a positive immune response were infected with T. cruzi parasites.
DISCUSSION
In this study, we performed for the first time a proteomic analysis of T. cruzi proteins that were associated with vesicles shed by trypomastigote and amastigote intracellular stages of this parasite. Proteomic analysis showed that the TESA used in a number of diagnostic assays (9, 22-24) contains a mixture of Vero cell and T. cruzi proteins (see Table S1 in the supplemental material). Purified TESA EVs, which by transmission electron microscopy had a diameter of ϳ80 to 100 nm, were found to contain a preponderance of trans-sialidases, mucins, and MASPs, which may be anchored to the parasite cell surface via glycosyl phosphatidylinositol (GPI) lipid or inserted into the EV membrane via a conserved C-terminal region (58, 60, 61) . This finding was in agreement with those of previous studies showing that trans-sialidases constitute the dominant group of proteins released by trypomastigotes in infected animals or cell cultures (32, 45, 62) . The gp63 proteases, which are expressed by trypomastigotes and amastigotes (63) , as well as several integral membrane proteins with transporter activity (Table S2) , were also detected, which is consistent with the hypothesis that T. cruzi vesicles in the TESA preparation are derived primarily from the trypomastigote or amastigote plasma membrane (33, 37, 64) . In addition, TESA EVs also contained a variety of proteins known to localize to the glycosome, flagella, mitochondria, nuclei, or cytosol (Table 1; Table  S2 ), many of which have been previously detected in purified EVs from Leishmania and Trypanosoma brucei (38, 41, 65) . Of note was the absence of glycolytic enzymes, which were previously observed in T. cruzi metacyclic trypomastigotes and epimastigotes and Leishmania EVs (33, 38, 41, 53) .
Although TESA is a typical antigen used for serological diagnosis of Chagas disease, concerns regarding the specificity of this assay have been raised. TESA polypeptides with masses of 60 to 150 kDa have been implicated as a source of potentially cross-reactivity with leishmaniasis immune serum (24, 38) . This is not surprising, since multiple sequence analyses showed that many of the T. cruzi proteins shed by trypomastigotes share a high degree of sequence homology with proteins from Leishmania and T. brucei.
More recently, a proteomic analysis of EVs isolated from axenic cultures of T. cruzi metacyclic trypomastigotes and epimastigotes (33) showed significant overlap with the TESA EV proteome, as reflected by the presence of membrane-bound proteins such as the flagellar calcium binding protein (FCaBP), trans-sialidases, the surface protease gp63, and elongation factor proteins (Table S2) . Two of these proteins, FCaBP and gp63, have been previously suggested as potential candidates for diagnosis of T. rangeli infections (66) . However, the latter EVs contain a number of additional proteins that were preferentially enriched in immunoprecipitates of the TESA EVs. Examples include the amastigote surface proteins ASP2 and ASP3 (51, 52) , paraflagellar rod proteins, several mitochondrial membrane proteins (ATP synthase, ADP/ATP translocase, and cytochrome c 1 ), the glycosome membrane protein Gim5A, and the Golgi apparatus protein UDP-galactose glycosyltransferase (Tables S2 and S3 ). Although our studies focused on EVs released into the culture supernatant following trypomastigotemediated rupture of Vero cells, proteomic analysis revealed that EVs contained both Vero and T. cruzi proteins. However, it is unclear if host and parasite proteins segregate to separate vesicles or colocalize to the same EV. The latter possibility is supported by recent experiments showing that host cells infected with Leishmania spp. or T. cruzi released EVs contained both host and parasite proteins (38, 40, 41) . Indeed, immunoelectron microscopy studies confirmed that EVs released by T. cruzi do not have a homogeneous composition, since some vesicles were found to contain the membraneanchored MASPs while other vesicle populations contained clathrin (58) . Both of the latter proteins were also detected in this study (Tables S2 and S3) .
Previous attempts to characterize antigenic components in TESA preparations by using immunoaffinity purification (24) identified a pattern of ϳ10 immunoreactive proteins, ranging in size from 25 to 220 kDa; however, the sequences of these antigenic proteins were not determined. Employing a combination of immunoprecipitation with affinity-purified IgG antibodies from Chagas patients and LC-MS/MS analysis, we detected a set of soluble, integral membrane, and peripheral membrane proteins that were enriched compared to the content of the total TESA EV proteome, indicating that these proteins induce a robust immune response. Notable among these were a family of retrotransposon hot spot and paraflagellar rod proteins (Table S3) , the latter of which is more abundantly expressed in the motile trypomastigote stage of the parasite (67) . It is interesting that posttranslational sumoylation modification has been detected with the latter two proteins (57, 68) . RHS proteins have been localized to the nucleus and are encoded by a multigene family present in T. cruzi and T. brucei but not in the Leishmania genome, presumably because Leishmania spp. lack mobile retrotransposon elements (69) . A recent proteomic analysis identified ϳ39 RHS isoforms that were expressed by T. cruzi bloodstream trypomastigotes (70) ; however, the diversity of RHS proteins detected in EV preparations was much more restricted, as only 8 full-length RHS variants were observed (Table S3 ). In ELISAs, only the recombinant RHS showed a strong response with immune sera from patients with various clinical degrees of Chagas disease. It is noteworthy that proteomic analysis of T. brucei EVs also detected an RHS1 protein (71) . However, multiple sequence alignments of RHS protein revealed that T. cruzi and T. brucei proteins share Ͻ33% sequence identity (data not shown). More importantly, no cross-reactivity was observed between T. cruzi RHS and immune sera from patients with African sleeping sickness or leishmaniasis, indicating that RHS may be used as an antigen to increase the specificity of Chagas disease diagnosis. Interestingly, recent reports have shown that MASPs trigger a rapid humoral IgM response but limited IgG class switching during infection (58); consequently, it is not surprising that our immunoaffinity LC-MS/MS strategy required a pool of IgG antibodies from Chagasic patients.
It is possible that EVs released from infected host cells may in part account for T. cruzi antigens previously detected in the circulatory system or urine of infected patients (72) (73) (74) (75) , making EVs an attractive and tractable biological tool for facilitating direct antigen detection in fluids of Chagas disease patients. Indeed, EVs are emerging as a unique mechanism for enriching low-level antigens for cancer diagnosis (76) , and recent studies using T. cruzi-specific RNA aptamers detected antigens in TESA preparations or serum from mice with acute or chronic T. cruzi infection (77) .
MATERIALS AND METHODS
Serum samples. A total of 188 participants with various stages of Chagas disease or noninfected control patients were recruited in a cross-sectional study conducted in Bucaramanga, Colombia. The criteria for grouping the participants was based on a combination of the New York Heart Association (NYHA) classifications and other clinical information (serology, ECGs, echocardiograms, and chest X-rays), findings commonly used to classify the stage of chronic Chagas infection. These participants have been described previously (54) .
Positive control sera represented a pool of sera from patients with clinically confirmed Chagas disease with ventricular arrhythmia. The negative-control serum was from a Quebec donor who had never traveled to South America. TESA and RHS antigen were screened for reactivity with sera collected from donors with confirmed Leishmania (n ϭ 4), malaria parasite (n ϭ 5), Toxoplasma gondii (n ϭ 5), and T. brucei (n ϭ 5) infections. The latter sera were obtained from the National Reference Centre for Parasitology/J. D. Maclean Centre for Tropical Diseases at McGill University Health Centre. All samples used in this study were anonymized.
Trypomastigote excreted-secreted antigen and EV isolation. TESA proteins from T. cruzi strain Tulahuen were prepared as described previously (22, 24) . Briefly, Vero cell monolayers at 75% confluence were infected for 4 days with trypomastigotes (1 ϫ 10 9 /ml) in Eagle's minimal essential medium supplemented with fetal bovine serum (FBS) at 37°C. Monolayers were stringently washed with Eagle's minimal essential medium without FBS and then incubated for an additional 18 to 20 h at 37°C in medium lacking both FBS and phenol red. The supernatant was collected, centrifuged at 2,800 ϫ g to remove trypomastigotes or Vero cell debris, and then passed through a 0.22-m filter to remove large membrane fragments (Millipore, Bradford, MA). The filtrates was centrifuged at 20,000 ϫ g for 30 min at 4°C to remove membrane fragments, and the supernatant was centrifuged at 100,000 ϫ g for 16 h at 4°C in a Beckman-Coulter type 70 Ti rotor to sediment EVs. The EV pellet was washed four times with 1.0 ml of phosphate-buffered saline (PBS) at 49,000 rpm for 1 h in a Beckman-Coulter tabletop ultracentrifuge equipped with a TLA 100.3 rotor to remove residual extravesicular proteins. TESA EVs were further purified by sucrose density flotation centrifugation. Briefly, EV pellets (100 g of total protein) resuspended in 2.0 ml PBS containing 40% sucrose, 400 mM NaCl were overlaid with 2.5 ml of PBS containing 35% sucrose, 400 mM NaCl, and then 0.5 ml of PBS and the samples were centrifuged at 28,000 rpm for 18 h at 4°C in an SW55 Ti rotor. Fractions (1 ml) were collected from the top of the gradient, diluted 4-fold with PBS, and subjected to centrifugation at 200,000 ϫ g for 1 h at 4°C in an SW55 Ti rotor to pellet EVs. Pellets were resuspended in 100 l of PBS, aliquoted, and stored at Ϫ80°C. For crude TESA preparations used in the ELISAs, the filtered lysates were concentrated 32-fold using a 30,000-molecular-weight-cutoff (MWCO) ultrafiltration unit (EMD Millipore, Etobicoke, ON, Canada) as previously described (24) .
Purification of IgG antibodies and immunoprecipitation. Ten-milliliter samples of pooled sera from uninfected control subjects or Chagas patients with severe ventricular arrhythmia were clarified by centrifugation (3,000 ϫ g, 10 min, 4°C) and then filtered through a 0.22-m filter. The serum was diluted 2-fold with PBS and then passed through a protein G-Sepharose column (0.5 by 10 cm; GE Healthcare Life Sciences, Montreal, QC, Canada). The column was washed with 20 column volumes of 20 mM sodium phosphate (pH 7.0) to remove unbound proteins, and IgG antibodies were eluted with 100 mM glycine at pH 2.6. Column fractions were neutralized with 1.0 M Tris-HCl (pH 9.0), and proteins were quantified spectrophotometrically at 280 nm. Fractions containing antibodies were analyzed by SDS-PAGE, pooled and dialyzed against 100 mM NaHCO 3 , 500 mM NaCl (pH 8.5) for 24 h at 4°C, and then concentrated to ϳ1.0 mg/ml using an Amicon ultracentrifugation device with a 30,000 MWCO.
An immunoaffinity resin was generated by loading purified human IgG antibodies (100 g) onto 200 l of packed protein G-Sepharose resin, and IgG antibodies were cross-linked to protein G by using disuccinimidyl suberate (2 mg/ml in PBS; ThermoFisher Scientific, Rockford, IL) for 60 min at 25°C on an end-on-end rotator. The resin was washed with 20 column volumes of PBS to remove the cross-linking reagent. Immunoreactive proteins were isolated by mixing purified TESA EVs (50 g in 100 l of PBS) treated with 0.1% Triton X-100 to release entrapped proteins, with 100 l of packed affinity resin containing covalently coupled control or Chagas IgG antibodies. The mixture was incubated for 16 h at 4°C with end-on-end mixing, and unbound proteins were removed by washing resin 4 times with 1.0 ml of PBS containing 0.05% Triton X-100 and 4 times with 1.0 ml of PBS. Bound proteins were analyzed by mass spectrometry following an on-bead tryptic digestion.
Western blotting. Western blot analysis of trypomastigote lysates (1 ϫ 10 5 parasites/lane) or EVs (2 g/lane) was performed by resolving proteins on a 6% or 8% SDS-PAGE gel, transferring proteins to polyvinylidene difluoride (PVDF) membranes (Bio-Rad, Mississauga, ON, Canada), and blocking with 2% milk powder in PBS containing 0.05% Tween 20 (PBST). Membranes were probed with primary antibodies diluted 1:2,000 in PBST containing 2% skimmed milk powder. Anti-human and anti-mouse antibodies conjugated to horseradish peroxidase were used as secondary antibodies. Membranes were developed with the ECL Western Lightening Plus detection system (PerkinElmer, Waltham, MA). Alternatively, Western blots were probed with either IgG antibodies isolated from uninfected control or Chagas patients with severe cardiomyopathy; samples were biotinylated with biotin-N-hydroxysuccinimide ester for 2 h at 20°C as described by the manufacturer (Invitrogen, Burlington, ON, Canada). Bound antibodies were detected using a streptavidin-horseradish peroxidase conjugate (Invitrogen).
For Western blot analysis using recombinant protein, ϳ1.0 g of PFR1 or RHS, or 10 g of TESA EVs, was resolved on an 8% SDS-PAGE gel and transferred to a PVDF membrane, and membranes were blocked with 2% skimmed milk powder prior to probing with antisera (1:2,000 dilution) from uninfected controls or Chagas patients with asymptomatic clinical signs, ECG abnormalities, or ventricular arrhythmia. Bound antibodies were detected with anti-human antibodies conjugated to horseradish peroxidase.
ELISAs. Immulon 2HB 96-well microtiter plates (ThermoFisher Scientific) were coated (100 l/well) with 1 g/ml of crude TESA preparation (24) , recombinant paraflagellar rod, or retrotransposon hot spot proteins in 100 mM sodium carbonate solution (pH 9.6) at 4°C for 16 h. Plates were washed with PBST and blocked for 1 h at 37°C with 5% bovine serum albumin in PBST. Human control and immune sera were diluted 1:400 in PBST, and 100-l aliquots were added to each well and incubated at 37°C for 1 h.
Each serum sample was tested in duplicate against the three antigens, and assays were repeated at least twice. Plates were extensively washed with PBST and then probed with a 1:16,000 dilution of horseradish peroxidase-conjugated goat anti-human IgG (Perkin-Elmer Life Sciences, Boston, MA) in PBST for 30 min at 37°C. Plates were washed with PBST and developed using the substrate 3,3=,5,5=-tetramethylbenzidine (100 l/well; Serologicals Corporation, MA) for 10 min at 20°C for 10 min. Reactions were terminated by the addition of 50 l/well of 0.5 M H 2 SO 4 , and the optical density was measured at 450 nm using a Tecan ELISA reader. For this study, ELISAs were performed on individual serum samples from 35 noninfected control subjects, 29 patients with clinically asymptomatic Chagas disease, 29 patients with Chagasassociated ECG abnormalities, and 44 patients with ventricular arrhythmia. The cross-reactivity of sera from individuals infected with malaria parasites (5 patients), Toxoplasma gondii (5 patients), Trypanosoma brucei (5 patients), or Leishmania sp. (5 patients [collected in Venezuela]) were screened by ELISA using TESA and RHS antigen. The latter sera were obtained from the National Reference Centre for Parasitology, Research Institute of the McGill University Health Centre. These samples were collected as part of a previous study that examined the utility of matrix metalloproteases in the diagnosis of Chagas disease (54) . The cutoff values for the ELISAs were calculated as previously described (25) , and a one-way analysis of variance (ANOVA) was performed using the Origin 2016 graphing package to calculate the P values.
TEM. TESA EVs isolated by sucrose density flotation centrifugation were absorbed onto Formvar/ carbon-coated copper grids, washed in deionized water, and stained with 1% uranyl acetate for 1 min. Grids were allowed to air dry and viewed on a microscope. All samples were viewed on a JEOL 1200EX transmission electron microscope at an accelerating voltage of 80 kV. All transmission electron microscopy (TEM) experiments were performed at the Facility for Electron Microscopy Research, McGill University.
Proteomic analysis. Sucrose density-purified EVs (20 g) or proteins bound to immunoaffinity beads were diluted in 50 mM ammonium acetate (pH 7.5) with 6 M guanidinium hydrochloride buffer containing 0.5% octylglucoside, and proteins were reduced with 5 mM dithiothreitol and incubated at 80°C for 15 min. Samples were alkylated with 10 mM iodoacetamide at 20°C for 20 min and then quenched with 5 mM dithiothreitol. Modifying reagents, lipids, and detergent were removed with five 250-l exchanges with 50 mM ammonium acetate (pH 7.5) buffer using a 10,000-MWCO ultrafiltration unit. Proteins concentrated to 25 l were digested by adding 1 g Promega sequencing-grade trypsin and incubating the sample for 16 h at 37°C. Peptides were purified from supernatant on stage tips (C 18 ), vacuum dried, and then solubilized in 10 l of 0.1% formic acid prior to mass spectrometry analysis.
Peptides were separated on a reversed-phase PicoFrit column (New Objective, Woburn, MA) packed with Michrom Magic C 18 (100 Å, 5 m; nanoLC) and coupled to a Velos Pro LTQ-Orbitrap mass spectrometer (ThermoFisher Scientific, Pittsburgh, PA). Peptide separation was performed with 2 to 50% solvent B (90% acetonitrile-10% water-0.1% formic acid) in a 120-min linear gradient at 300 nl/min. Mass spectra were acquired using a data-dependent acquisition mode and the Excalibur software version 1.6.2. Each full-scan mass spectrum (400 to 2,000 m/z) was followed by collision-induced dissociation of the 20 most intense ions. Dynamic exclusion was set for a period of 3 s and a tolerance of 100 ppm and then analyzed using the Protein Discover version 1.4.1 software (ThermoFisher Scientific). MGF format sample files were then analyzed using Mascot (version 2.4.0; Matrix Science, London, United Kingdom), and spectra were used to search the Trypanosoma cruzi version 13-03 and Brener databases, as well as the Macaque database to identify proteins derived from the Vero cells. All MS/MS samples were analyzed using Mascot with a fragment ion mass tolerance of 0.80 Da and a parent ion tolerance of 10 ppm. Mass spectrometry analysis was performed at the UVic-Genome BC Proteomic Centre, Victoria, BC, Canada, and The Proteomics Platform, Quebec Genomics Centre.
Production of T. cruzi PFR1 and retrotransposon hot spot proteins. E. coli strain ER2566 cells transformed with the plasmid pET151/D-TOPO-TcPFR1 (57) were grown to an OD 600 of 0.7 at 37°C in LB supplemented with 50 g/ml ampicillin, and protein expression was induced with 0.5 mM isopropyl-␤-D-isothiogalactopyranoside at 25°C for 5 h. Cultures (1.0-liter volumes) were harvested, and the cell pellets were resuspended in 22.5 ml of 40 mM phosphate buffer (pH 7.4) containing an EDTA-free protease inhibitor cocktail (Roche Molecular Biochemicals). Cells were lysed with three passes through a French press, and clarified lysates were made up to 500 mM NaCl prior to loading onto a 4-ml Ni 2ϩ -nitrilotriacetic acid-agarose column (Qiagen). The column was washed with 150 ml of 40 mM phosphate buffer (pH 7.4), 500 mM NaCl (buffer I), and then 100 ml buffer I containing 20 mM imidazole. Bound proteins were eluted with a 10-ml step gradient of buffer I containing 80 to 400 mM imidazole. Fractions containing an ϳ70-kDa protein were pooled, concentrated to ϳ0.5 mg/ml using a 3,000-MWCO Amicon ultrafiltration unit, flash-frozen in liquid nitrogen, and stored at Ϫ80°C.
For expression of the RHS protein (accession number EKG06703.1), the open reading frame was PCR amplified using the forward primer 5=-gtcacatATGTCTGGACGGCCCGAG-3= and the reverse primer 5=-ttc gaggatccTTAGAGAACCACAGGAGTTTCTCG-3= containing the restriction endonuclease sites NdeI and BamHI (lowercase text in the sequences). PCR mixtures containing 50 ng of genomic DNA isolated from T. cruzi strain Tulahuen trypomastigotes, 200 nM each primer, 200 M deoxynucleoside triphosphates (dNTP), and 1 U of Q5 DNA polymerase (New England BioLabs) were run with an amplification program that included an initial denaturation at 98°C for 120 s followed by 25 cycles of denaturation at 98°C for 30 s, annealing at 60°C for 30 s, and elongation at 72°C for 2 min. The PCR product was cloned into the NdeI/BamHI sites of the pET15b vector to generate the pET-15b-RHS expression vector. The recombinant RHS protein was expressed using the protocol described for the production of PFR1.
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